Introduction
Irradiation with UV light induces dierent lesions in the DNA molecule among which the cyclobutane pyrimidine dimers (CPD) and the pyrimidine-pyrimidone (6-4) photoproducts (6-4P) are the most biological relevant damage. These lesions, as well as a broad spectrum of other structurally unrelated lesions, are removed by nucleotide excision repair (NER), a biochemically complex process requiring the products of at least 30 genes, whereby DNA damage is removed as part of an oligonucleotide fragment and replaced with a new DNA using the intact strand as a template. The NER system has two distinct subpathways: transcription-coupled repair (TCR), which rapidly removes lesions from the transcribed strand of active genes, and global genome repair (GGR) , that eects the slower repair of the rest of the genome (for recent reviews see de Laat et al., 1999; Leadon, 1999) .
In humans, NER is a major defence against the carcinogenic eects of UV light from the sun and the severe consequences of inborn defects in this repair pathway are apparent from the rare, autosomal recessive disorder xeroderma pigmentosum (XP). Patients with this disease present hypersensitivity to sunlight, pigmentary alterations and premalignant lesions in the sun-exposed area of the skin, and an extremely high incidence of skin cancer. Many patients show accelerated neurodegeneration. Complementation tests by cell fusion have provided evidence of at least seven NER-de®cient complementation groups: XP-A to XP-G. These groups are defective in both NER subpathways, except for the XP-C group that is speci®cally defective in GGR (reviewed in .
Cockayne syndrome (CS) is another photosensitive but otherwise clinically distinct disease, also associated with a NER defect. CS involves postnatal growth failure, progressive neurological dysfunction, premature ageing, sun sensitivity, but no cancers. Two complementation groups have been identi®ed, CS-A and CS-B. Both are defective in functions involved in the TCR subpathway (for recent reviews see van Gool et al., 1997; Bootsma et al., 1998) . Therefore XP and CS oer model systems for investigating molecular mechanisms underlying the apoptotic response induced by UV irradiation and its relationship with the amount and site (active and inactive regions of the genome) of DNA damage.
In this paper we report the results of our investigations aimed at clarifying the pattern of the UV-induced apoptotic response in XP and CS, the level of expression of p53 and of three genes transcriptionally activated by p53 (Mdm2, p21 and bax). We used ®broblast strains in vitro established from skin biopsies, the only material that can be propagated in vitro but still maintains the cell contact inhibition and the cell density dependent growth typical of the in vivo situation. These features are lost in other cell systems, such as lymphoblastoid cell lines and transformed ®broblasts, but may be important in the cascade of events and the pattern of short and long term responses induced in the cell by UV irradiation. The analysis was done on XP and CS cell strains from patients already characterized for the phenotype (i.e., clinical and cellular features) and genotype (i.e., gene involved and causative mutation). This enabled us to see how alterations in the apoptotic response and in the level of expression of p53 and p53 transactivated proteins were related to speci®c cellular and molecular defects.
Results

UV irradiation induces apoptosis in XP-A but not in normal human fibroblasts
Proliferating ®broblast samples from normal and XP-A individuals were exposed to UV dose corresponding to 20 J/m 2 , incubated again at 378C for dierent periods (2, 24, 48, 72 or 96 h) and labelled with DAPI ( Figure  1 ). The percentage of morphologically apoptotic cells was calculated by scoring at least 100 cells. In unirradiated ®broblast cultures from healthy subjects, as well as from XP-A patients, not more than 3% of cells showed apoptotic chromatin condensation. Exposure to UV light clearly inhibited proliferation in normal ®broblasts but it did not raise the baseline level of apoptotic nuclei even 96 h after irradition. In contrast, XP-A ®broblast cultures showed a signi®cant increase in the number of apoptotic nuclei in the incubation time after UV-exposure: an apoptotic pattern was present in about 5 ± 15% of the XP-A cells 24 h after UV, in 45 ± 55% of the cells at 48 h and in the whole cell population 72 h after UV. There was a parallel decrease in the total number of XP-A adhering cells and 96 h after UV the majority of the XP-A ®broblasts were detached from the culture dishes.
The TUNEL assay also showed activation of an apoptotic response by UV in XP-A ®broblasts ( Figure  2 ): the kinetics of the induction of XP-A apoptotic cells was substantially the same as shown by DAPI staining, almost all XP-A ®broblasts showing features of apoptosis 72 h after irradiation (compared to 3% of normal human ®broblasts).
The apoptotic pattern in XP-A cells is associated with the lack of Mdm2 transactivation To investigate the molecular events underlying the apoptotic response in XP-A ®broblasts after UV irradiation, we analysed the level of expression of p53 and of three genes transcriptionally activated by p53, namely Mdm2, p21 and bax, by Western blotting on cell samples processed at dierent incubation times after irradiation (Figure 3) . The level of expression of p53 and its eectors was quanti®ed by scanning densitometry (Figure 4) . In normal human ®broblasts, an increase in p53 protein was initially seen 2 h after UV exposure, it became maximal at 8 h and remained high even at 24 h. A consistent increase in Mdm2 was observed 24 h after UV. The induction of bax paralleled the rapid increase of p53, reaching its highest level of expression at 8 h and decreasing at later times. The kinetics of induction of p21 closely followed the one of p53, peaking at 8 h and remaining high even 24 h after UV.
XP-A ®broblasts responded to UV with fast stabilization of p53 protein, like normal ®broblasts did. However, there was no induction of Mdm2 expression even at 24 h after irradiation, when p53 had accumulated to a higher level than in normal human ®broblasts. The induction of bax paralleled the rapid accumulation of p53 with the highest level of expression at 24 h. In contrast, the increase in p21 was minimal 2 and 8 h after UV.
These ®ndings indicate that the apoptotic pattern observed in XP-A ®broblasts after UV is associated with several alterations in the level and/or kinetic of 
Defects in transcription coupled repair confer susceptibility to apoptosis by interfering with Mdm2 activation
To assess the contribution of the two NER subpathways, both defective in XP-A, in the apoptotic pattern after UV, we analysed the eect of irradiation in ®broblasts from XP-C and CS patients, which are defective in GGR and TCR, respectively. XP-C, CS-A and CS-B ®broblast samples were exposed to UV dose of 20 J/m 2 , incubated again at 378C for dierent periods (2, 24, 48, 72 or 96 h) and labelled with DAPI. At least 100 cells were examined in each sample.
Exposure to UV light did not increase the baseline level of nuclear fragmentation in XP-C ®broblasts even at long incubation times ( Figure 5 ). In contrast, CS cells already showed morphological alterations consistent with the apoptotic pattern in 50% of the nuclei 24 h after UV; at later times there was a notable decrease in the total number of adhering cells and typical apoptotic features were present in nearly all nuclei 72 h after UV. These ®ndings suggest that early induction of the UV-induced apoptotic pattern is speci®cally associated with defects in TCR.
The level of expression of p53 and Mdm2 was analysed by Western blotting on XP-C, CS-A and CS-B cell samples 24 h after UV irradiation ( Figure 6 ). In XP-C ®broblasts the induction of p53 and Mdm2 was substantially the same as in ®broblasts from normal donors: the level of p53 rose rapidly immediately after UV and remained high even at 24 h, when there was also a considerable increase in Mdm2. In CS-A and CS-B cells p53 induction after UV was not paralleled by any increase in Mdm2 expression.
Discussion
Fibroblast strains from XP-A patients, which are unable to remove UV-induced DNA damage, because of a defect in NER, show a dramatic increase in the number of apoptotic nuclei during incubation after exposure to UV dose of 20 J/m 2 . In contrast, in ®broblasts from normal donors the baseline frequency of apoptotic nuclei does not change, even 96 h after irradiation. These results are in keeping with our unpublished observations which show that the functional inactivation of XPA by microinjecting anti-XPA antibodies causes apoptosis in UV-irradiated normal human ®broblasts.
Analysis of the level of expression of p53 and its ability to transactivate its target genes Mdm2, p21 and bax enabled us to detect another striking dierence between normal and XP-A ®broblasts. In agreement with other observations in similar cell systems and comparable UV doses (Li et al., 1996; Ljungman and Zhang, 1996; Blattner et al., 1998; McKay et al., 1998) , normal ®broblasts showed fast stabilization of p53 protein, rapid activation of bax and p21 (whose kinetics of induction closely follow p53) and late activation of Mdm2 (that rises markedly 24 h after irradiation). In XP-A ®broblasts the fast increase in p53 and activation of bax and p21 were not followed by Mdm2 activation. Even when p53 and Mdm2 transcripts appeared to be constitutively expressed in unirradiated XP-A cells (as shown in Figure 3 ), Mdm2 expression not only did not increase after p53 induction but was actually down-regulated concomitantly with the strong stabilization of p53. It is worthwhile mentioning that the occurrence of detectable constitutive levels of p53 is not unprecedented (McKay et al., 1998) but it is unlikely to have any biological signi®cance in relation to NER defects because it is occasionally observed in samples from NER defective patients as well as from normal donors.
As summarized in Figure 7 , at the cellular level XP-A patients present notable hypersensitivity to the killing eects of UV light, with drastically reduced UV-induced DNA repair synthesis (with unscheduled DNA synthesis (UDS) levels lower than 5% of normal) and failure to recover normal RNA synthesis rate at late times after UV. Alterations in these cellular parameters are the result of inecient removal of DNA damage from the transcribed strand of active genes, as well as from the bulk of the genome. The XPA gene product has a vital role at an early stage in both NER subpathways. Given its anity for damaged DNA and its ability to interact with many core repair factors, XPA is believed to verify NER lesions and to play a central role in positioning the repair machinery correctly around the lesion. XPC and CS (CSA and CSB) proteins work at an earlier stage than XPA and their roles are restricted to GGR and TCR, respectively. Complexed with hHR23B, XPC initiates GGR by sensing and binding lesions, locally distorting the DNA double helix and recruiting the other components of the repair apparatus (Sugasawa et al., 1998) . CSA and CSB proteins probably play a similar role in the removal of damage on the transcribed strand of active genes: in association with other as yet unidenti®ed factors, they are thought to recognize a conformational change of the RNA polymerase II complex stalled at the damaged site and to provide a DNA substrate that the rest of the repair Figure 4 Quantitative analysis of the level of expression of p53, Mdm2, Bax and p21 in cell extracts from normal (black symbols) and XP-A (open symbols) ®broblasts processed at dierent incubation times after UV irradiation (see legend of Figure 3 ). Western blots were scanned for quantitation and the intensity of the bands was evaluated by using the NIH Image 1.60b7 program ). Equal amounts (90 mg/lane) of total proteins were fractionated by SDS polyacrylamide gels and Western blots were probed with anti-Mdm2 and anti-p53 antibodies. The intensity of loading control (b-actin) was the same in all the samples analysed machinery can work on (Leadon, 1999; Tornaletti and Hanawalt, 1999) .
Impaired GGR but normal TCR in XP-C cells typically result, as shown in Figure 7 , in drastically reduced levels of UV-induced repair synthesis (with UDS levels ranging between 10 and 20% of normal), substantial sensitivity to the killing eects of UV light in proliferating cultures, but normal recovery of RNA synthesis at late times after irradiation, and survival levels in non-proliferating cultures that are signi®cantly aected only at high UV doses. Conversely, in CS-A and CS-B cells the presence of repair defects speci®cally restricted to TCR confers normal UDS levels but reduced survival and recovery of RNA synthesis after UV light (Figure 7) . We have demonstrated that in XP-C ®broblasts, like in cells from normal donors, UV irradiation induces rapid stabilization of p53 and late activation of Mdm2 without any evidence of apoptosis even 96 h after UV exposure. In contrast, in CS-A and CS-B cells the stabilization of p53 is not followed by an increase in the Mdm2 level and is associated with the appearance of features typical of apoptosis.
It is very well known that UV damage causes accumulation of p53, increased p53 DNA-binding activity, induction of its target genes and replicative arrest of cells. All these responses are usually detected in parallel within 3 ± 6 h after UV exposure. p53 thus acts both by enforcing DNA damage checkpoints to allow time for removal of DNA damage and, in the case of persistent damage, by starting apoptosis. The growth-suppressive action of p53 is thought to be mediated by transcriptional activation of the p21 gene, whose product is a potent inhibitor of cyclin-dependent kinases. The mechanism by which elevated p53 levels lead to apoptosis is not known but it is believed to involve transcriptional activation of apoptotic genes, such as bax (Miyashita and Reed, 1995) . Accumulating experimental evidence suggests that the induction of the p53 response by UV is not triggered by DNA strand breaks but rather, is linked to inhibition of transcription due to persistent DNA damage (Ljungman et al., 1999) . Among the various photoproducts, the major trigger for UV-induced apoptosis may be the presence of CPDs (Dumaz et al., 1997 (Dumaz et al., , 1998 Blattner et al., 1998) . This is further supported by our results in CS cells which normally remove (6-4)P from the transcribed strand of active genes whereas they are speci®cally defective in CPD removal (Barrett et al., 1991; Parris and Kraemer, 1993; Evans and Bohr, 1994) .
Although the interactions between p53 and the components of the NER machinery have still to be elucidated, several potential targets have been identi®ed, suggesting that p53 may aect NER activity at dierent levels (for a recent review see McKay et al., 1999) . As regards speci®c protein-protein interactions, it has been shown in vitro that p53 interacts with XPB and p62, two of the subunits of TFIIH, the complex that is essential for both NER and RNA polymerase II transcription initiation (Wang et al., 1994; Xiao et al., 1994) . NER eciency in vitro appeared to be correlated with the amount of the products of the p21 and GADD45 genes, both of which display p53-dependent enhanced expression (Smith et al., 1994; Pan et al., 1995) . More in general, the loss of wild type p53 in primary human skin ®broblasts (such as those from patients with Li ± Fraumeni syndrome) results in a decrease in GGR, but not in TCR, and in enhanced UV resistance because of the loss of a p53-dependent apoptotic response Hanawalt, 1995, 1997; Wani et al., 1999) . Another link between p53 and GGR has been recently identi®ed by the ®nding that p53 regulates the expression of p48, a gene that is involved in GGR and is speci®cally mutated in a subset of XP-E patients (Hwang et al., 1999) .
Only a few studies have analysed the responses to UV irradiation of primary ®broblasts from patients with inborn defects in NER (Yamaizumi and Sugano, 1994; Li et al., 1996; Ljungman and Zhang, 1996; Dumaz et al., 1997 Dumaz et al., , 1998 Blattner et al., 1998; McKay et al., 1998) . In line with previous reports, we have shown that an enhancement in the UV-induced apoptosis is associated with defective TCR but, in addition, we provide the ®rst evidence that the lack of Mdm2 activation plays a crucial role in the cascade of events leading to apoptosis. The p53 Mdm2 regulatory circuit is fundamental to the apoptotic properties of p53 (Freedman et al., 1999; Wasylyk et al., 1999) . The rise in cellular p53 levels following UV-induced DNA damage has been found to be associated with an induction of Mdm2 which down-regulates p53 dependent eects by promoting p53 degradation (Bottger et al., 1997; Haupt et al., 1997; and suppressing its transactivation (Momand et al., 1992) . We showed that in XP-A, CS-A and CS-B ®broblasts, which are defective in TCR, stabilization of p53 is not followed by any increase in Mdm2 and this explains why p53 levels in these cells are higher than in normal and XP-C ®broblasts. The persistence of high levels of p53, due to the lack of its degradation by Mdm2, appeared to be associated with the appearance of apoptosis. Therefore the mechanism by which elevated p53 levels leads to apoptosis in TCR defective human ®broblasts involves lack of activation of Mdm2. Mdm2 has been shown to be responsible for the regulation of p53 levels in tumour cell lines (Midgley and Lane, 1997). Our ®ndings indicate that also in human ®broblasts Mdm2 can play a key role in modulating p53 amount and functions.
Materials and methods
Cells and culture conditions
The study was performed on primary ®broblast cultures established from biopsies of unaected skin from two XP patients, XP11PV and XP20PV, belonging to the XP-A group (our unpublished observations), the three XP patients XP9PV, XP12PV and XP26PV belonging to the XP-C group (Chavanne et al., 2000) and the two CS patients CS4PV and CS1PV representative of complementation groups CS-A and CS-B, respectively (Stefaninni et al., 1996; Colella et al., 1999; our unpublished observations) . In parallel, the analysis was done on cell strains from two healthy donors (C1PV and C3PV). Fibroblasts were routinely grown in Ham's F-10 medium (Gibco) supplemented with 12% foetal calf serum (Irvine) and subcultured by trypsinization.
UV irradiation
Cells were seeded on dishes or on coverslips, cultured to 24 h, exposed for 10 s to UVC irradiation (254 nm) using a Philips TUV 15 W lamp, giving a dose rate of 2 J/m 2 /s, as previously described (Stefanini et al., 1986) , and processed at dierent times up to 96 h after irradiation.
DNA-repair investigations
The response to UV irradiation was analysed by measuring unscheduled DNA synthesis (UDS), cell survival in proliferating and non-proliferating cultures and recovery of RNA synthesis (RRS) following UV light. Procedures for cell survival, UDS, RRS and genetic analysis are routinely used in our laboratory and have all been described previously (Stefanini et al., 1992 (Stefanini et al., , 1993 .
Evaluation of apoptosis
The percentage of morphologically apoptotic cells was recorded after staining with DAPI following a standard procedure, by scoring at least 100 cells.
DNA fragmentation was visualized in situ by TUNEL (terminal transferase-mediated dUTP-biotin nick end labelling), using the Kit In Situ Cell Death Detection Kit, Fluorescein (Boehringer Mannheim).
Western blotting
P53, Mdm2, p21, bax and b-actin were detected by Western blotting. Cell monolayers were washed twice with PBS, then lysed at 48C by scraping with Lysis Buer (0.5% NP40 in 50 mM Tris-HCl, 150 mM NaCl, pH 7.4), containing protease inhibitors (5 mM EDTA, 2 mg/ml aprotinin, 30 mg/ml PMSF, 0.5 mg/ml pepstatin). Cell extracts were ®rst fractionated by SDS ± PAGE then transferred to nitrocellulose and processed as previously described (Conforti et al., 1989) . Speci®c antibodies were used at the following concentrations: antip53 mAb (DO-1) 1 mg/ml, anti-Mdm2 mAb (SMP-14) 1.8 mg/ ml, anti-bax mAb (B-9) 2 mg/ml, anti-p21 pAb (C-19) 2 mg/ ml, anti-actin pAb 1.5 mg/ml. Anti-mouse and anti-rabbit (1 : 1200) or anti-goat (1 : 5000) IgG-HRP (Santa Cruz Biotechnology) were used as secondary antibodies. ECL was detected using the manufacturer's standard protocol (Amersham) and proteins were visualized by exposing X-ray ®lm to the membrane. The ®lms were developed, scanned for quantitation (Duoscan T1200 AGFA) and the intensity of the bands was evaluated by using the NIH Image 1.60b7 program.
